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Topically applied Active Cosmetic Ingredients (ACI) or 
Active Pharmaceutical Ingredients (API) efficacy is directly 
related to their efficiency of penetration in the skin. In vitro 
Reconstructed Human Epidermis (RHE) surrogate models 
offer in vivo like skin samples for transdermal studies. Using 
Delipidol®, an ACI currently used in the cosmetics industry, 
the capabilities to deliver accurate distribution maps and 
penetration profiles of this molecule by means of Confocal 
Raman spectroscopic Imaging have been demonstrated. 
Using a NCLS (Non negative constrained least squares) 
approach, contribution of specific molecules can be estimated 
at each point of spectral maps in order to deliver semi-
quantitative heat maps representing the ACI levels in the 
different skin layers. The concentration profiles obtained are 
approximately single exponential for all three time points 
evaluated, with a consistent decay constant, which is 
independent of the sublayer structure. Notably, however, 
there is no significant penetration into the lower basal layers 
until a critical concentration is built up, after 3 hours. 
Combination of Raman Confocal Imaging with spectral 
unmixing methods such as NCLS is demonstrated to be a 
relevant approach for in vitro biological evaluation of 
cosmetic and pharmaceutical active ingredients and could 
easily be implemented as screening tool for industrial use.   
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1. Introduction 
Topical applications, i.e. directly on the skin surface, of 
pharmaceutical and cosmetic formations are 
systematically confronted by the strong barrier function 
of the stratum corneum. The first shield against intrusion 
of exogenous agents, the outer layer of the skin generally 
presents low permeability to Active Cosmetic 
Ingredients (ACI) and Active Pharmaceutical Ingredient 
(API). Therefore, penetration and diffusion assays of 
newly designed molecules for skin care or medical 
purposes need to be conducted to ensure maximum 
efficacy can be reached. The general procedure for 
assessing the penetration and diffusion of a molecule into 
the human skin is performed by several techniques such 
as diffusion cells coupled with HPLC (High Performance 
Liquid Chromatography) [1] or tape stripping [2]. 
However, important information regarding the lateral 
spatial distribution or accumulation effects in skin layers 
cannot be assessed. Another analytical method based on 
radiolabelling is used into the field of drug delivery [3], 
but it is not widely used due to the complexity of the 
method and hence it is not suitable for routine screening. 
Techniques like electron microscopy (EM) [4], small 
angle X-Ray scattering techniques (SAXS) [5], confocal 
laser scanning microscopy (CLSM) [6, 7] and 
multiphoton microscopy (MPM) [8] are extensively used 
for tissue imaging, but are either dependent on the use of 
fluorescent probes or only deliver histological 
information and therefore cannot detect and track an 
exogenous chemical agent. Vibrational spectroscopy is a 
mean of establishing a fingerprint of a material through 
the characteristic molecular vibrations. It is a routine 
technique for fingerprinting and identifying chemicals 
and acts as a standard method of analytical pharmacy and 
chemistry [9]. Raman spectroscopy has been 
demonstrated to have higher spatial and spectral 
resolution than IR spectroscopy bench top instruments, 
potentially providing subtle information of the molecular 
composition and organization of the tissue [10]. 
Moreover, following developments achieved in recent 
years, numerous experimental challenges associated with 
the measurement of chemical and physical 
inhomogeneity can be surmounted [11, 12], further 
strengthening the Raman capability for skin analysis. Its 
potential for dermatological application has been 
demonstrated [13], whereby the spectral information can 
be used to assess the chemical integrity of the skin [14], 
the hydration state [15], oxidative stress and the ability to 
individually track various ingredients of a formulation 
[16]. It has also been widely used for monitoring active 
molecules in the skin [13, 17–21]. It can provide 
valuable information on the lateral distribution, kinetics, 
rate and depth of penetration of these molecules in skin 
layers without the use of probe molecules [21]. The 
improvements made in the data handling procedures 
through the implementation of multivariate analysis has 
considerably increased the relevancy of the information 
contained in the spectral data [22]. Multivariate 
statistical methods such as K-means clustering and 
Principal Components analysis are routinely used for 
analysis of spectral images [22, 23] and have been 
proven to be powerful tools for rapid analysis and 
stratification of tissue sections to identify the presence of 
pathologically relevant areas [24]. However, such 
methods can be limited when working on a complex 
multilayered tissue such as the skin, with no clinical 
abnormalities per se (lesions, tumors) but only variations 
in the chemical compositions through the different layers 
either resulting from physiological mechanisms or the 
diffusion of exogenous molecules. Recent changes in 
European Union directives (2010/63/EA) encourage the 
use of artificial and reconstructed skin models as 
alternatives to in vivo and ex vivo testing of transdermal 
delivery of pharmacological or cosmetic products [11]. 
This approach offers the possibility to carry out several 
replicate measurements with a convenient reproducibility 
of the results while avoiding ethical problems [25]. It has 
been demonstrated that the different in vitro skin models 
exhibit reasonable similarities to the native human skin 
in terms of morphology, lipid composition and 
biochemical markers [26, 27]. In the present study, the 
capabilities of confocal Raman imaging for monitoring 
of active ingredients has been evaluated using the 
Episkin® Reconstructed Human Epidermis (RHE) 
model, offering a dermal equivalent, constituted by a 
differentiated epidermis derived from normal human 
keratinocytes cultured on a collagen matrix at the air-
liquid interface, offering a model histologically similar to 
the in vivo human epidermis. Such a model is perfectly 
suited for penetration studies [28] but also represents one 
of most widely used models in the cosmetics industry. 
While recent advancements have supported the 
feasibility to perform Z profiling with step by step data 
collection from the skin sample surface [25, 29], 
methodologies need to be in accordance with potential 
user expectations. Without trying to compare the benefits 
of whole sample versus thin sections, a simple fact 
remains that colour coded distribution maps of an ACI 
remain one of strongest and most convincing 
representation for industries and their customers to prove 
their product penetrates efficiently. In this context, 
Delipidol® (BioEurope Solabia, France) has been 
selected as a test molecule to develop and optimise data 
mining approaches to rapidly and accurately chemical 
map the skin model to evaluate its kinetics of penetration 
by means of Non negative constrained least squares 
(NCLS) analysis. Although primarily used previously in 
the digital dewaxing of Raman and Infrared spectra 
recorded from partially chemically dewaxed tissue 
samples [30] and background subtraction [31], the 
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method is an attractive data analytical option, delivering 
abundance fraction (concentration) estimation of 
chemical and biological agents that exist in the mixture 
form [32]. Ultimately, distribution maps and penetration 
profiles can be obtained from the Raman datasets, 
providing crucial information about the ACI diffusion 
and distribution in the skin, consequently supporting the 
translation of Raman Confocal Imaging to industrial 
application for screening and identification of the next 
relevant candidates for cosmetic product development 
and optimization.  
2. Materials and Methods 
2.1 Reagents 
Biochemical compounds used as reference material 
(ceramide, cholesterol, phosphatidylcholine (PDC), 
stearic acid, albumin, histone, DNA) were purchased 
from Sigma-Aldrich (France). Delipidol®, the ACI 
evaluated in the present study, was provided by 
BioEurope (Solabia group, France) under a scientific 
partnership aiming to developed new tools for biological 
evaluations linked to the cosmetics industry. Delipidol® 
is a hydrophobic anti-cellulite molecule, and a 10% 
solution (m/v) was prepared by dissolving 1g in 10 mL 
of ethanol. The concentration of 10% Delipidol® has 
been selected in order to match with the composition of 
commercialized cosmetic products as recommended by 
BioEurope (Solabia group, France). While the ethanol is 
a solvent acting as penetration enhancer, it is expected 
full evaporation will be observed during the preparation 
of thin sections leading to no possible spectral 
interferences during analysis. The use of 10g/L solution 
ensures that if Delipidol® diffuses through the stratum 
corneum the concentrations observed would be 
sufficiently high for detection with Raman spectroscopy. 
Moreover, the presence of particularly strong features in 
the ACI signature further inverse the sensitivity of the 
method for its detection. Ceramide, PDC, Cholesterol, 
and stearic acid, were first dispersed in chloroform while 
solutions of albumin, histone and ADN were prepared in 
distilled water before deposition of small amounts of 
material onto CaF2 substrates followed by air drying 
before Raman spectra acquisitions. 
 
2.2 Preparation of Tissue samples 
Reconstructed Human Epidermis (RHE) inserts were 
purchased from Episkin® (Lyon, France). Episkin® 
RHE are human like epidermis inserts (1.07 cm²) 
consisting of a stratified and fully differentiated 
epidermis derived from human keratinocytes laying on a 
type I collagen matrix, representing the dermis, surfaced 
with a film of type IV collagen [33]. The RHE inserts are 
presented in 12 well plates with maintenance medium 
(about 2 mL) added to each well before incubation (5% 
CO2, 37
o
C, 95% humidity). This model can be used at 
different stages of maturity, for instance the present work 
has been conducted skin samples cultured for 14 days. 
Prior to topical application (i.e. exposure to ACI) the 
RHE units were placed at room temperature for 30 min. 
200 µL of the Delipidol® solution (prepared as described 
in section 2.1) were applied directly on the surface of 
each insert followed by incubation times of 1h, 2h or 3h. 
The Delipidol® being used in commercialized products 
at concentrations up to 10% without warning about 
possible toxicity, it has been considered the 
innocuousness and efficacy of the active ingredients 
were tested by the supplier and therefore not discussed 
throughout this study. Only the capabilities to detect the 
ACI by means of Raman imaging coupled to multivariate 
analysis have been explored. At the end of the exposure 
time, the remaining Delipidol® solution was taken off 
and a quick wash with ethanol was done to ensure no 
residual traces of the stock solution could be found on 
the skin surface. Additionally, untreated skin inserts have 
also been prepared in parallel as blank control samples. 
For Raman analysis, 20 µm thin sections have been 
prepared using a cryo-microtome (Leica CM 1850 UV) 
and were deposited on CaF2 Raman grade substrates 
(Crystran, UK). The samples were stored at -20
o
C until 
data collection. All samples have been prepared in 
triplicates (n=3) and subjected to Raman confocal 
imaging. The RHE enable high reproducibility with no 
variation in the results observed between replicates. 
Therefore, it has been decided to rather put emphases on 
the NCLS itself with one Raman map to selected as an 
illustration for each condition tested. 
2.3 Raman spectroscopy  
Raman spectra were acquired using a LabRam (Horiba 
Jobin-Yvon, France). Raman scattering was obtained 
using a 691 nm diode laser with a power of 8 mW at the 
sample, under a x50 objective LMPlan (Olympus, NA 
0.75). The confocal hole was set at 250 µm for all 
measurements. The system was spectrally calibrated to 
the 520.7 cm
-1
 spectral line of silicon each day. Detection 
was facilitated by dispersing Raman-shifted radiation 
onto a CCD detector using a grating (300 lines/mm). For 
consistency, in this manuscript, all spectral images of the 
Episkin® RHE sections are displayed with the Stratum 
corneum oriented to the left. The laser spot size is 
estimated to be below 2 µm with acquisition parameters 
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used, therefore the step sizes used were 2 µm in the X 
direction and 3 µm for the Y in order to avoid 
oversampling during mapping. An acquisition time of 2 
x 15s per spectrum was employed, over the 400-1800 
cm
-1 
spectral range. The acquisition of 2D images has 
been preferred in the present study in order to capture 
both depth penetration and possible lateral variability 
that can be observed in case of heterogeneous diffusion 
of the ACI. The purpose of the study being to illustrate 
the capabilities of the NCLS analysis, the analysis has 
been limited to areas of roughly 20 * 180 µm
2
 but the 
method could be indeed applied to much larger Raman 
maps.      
2.4 Data handling 
Data analysis was performed using Matlab (Mathworks, 
USA). Before statistical analysis, Raman spectra were 
subjected to linear baseline correction (in house rubber 
band with only 2 nodes) [34] then vector normalised. In 
line with previous analyses of human skin tissue sections 
[11], K-means clustering analysis was then used to 
analyze the spectral variation in spectral image of the 
tissue sections [35]. It groups the spectra according to 
their similarity, forming clusters, each one representing 
regions of the image with identical molecular properties. 
The distribution of chemical similarity can then be 
visualized across the sample spectral image. The number 
of clusters (k) has to be determined a priori by the 
operator before initiation of the classification of the data 
set. K centroids are defined, ideally as far as possible 
from each other, and then each point belonging to a data 
set is associated to the nearest centroid. When all the 
points have been associated with a centroid, the initial 
grouping is done. The second step consists of the 
calculation of new centroids as barycentres of the 
clusters resulting from the previous step. A new 
grouping is implemented between the same data points 
and the new centroids. These operations are repeated 
until convergence is reached and there is no further 
movement of the centroids. Finally, k clusters are 
determined, each containing the most similar spectra 
from the image. Ultimately, colors can be attributed to 
each cluster and false colors maps can be constructed to 
visualize the organization of the clusters in the original 
image.[36] 
Principal Component Analysis (PCA) is a multivariate 
analysis technique that is widely used to simplify a 
complex data set of multiple dimensions [37]. It allows 
the reduction of the number of variables in a 
multidimensional dataset, although it retains most of the 
variation within the dataset. The other advantage of this 
method is the derivation of PC loadings which represent 
the variance of each variable (wavenumber) for a given 
PC. Analysis of the loading of a PC can give information 
about the source of the variability inside a dataset, 
derived from variations in the chemical components 
contributing to the spectra [38]. In this work, PCA is 
used to either highlight the biochemical changes between 
skin layers identified by means of K-means clustering or 
intra-variability observed in spectra isolated from the 
stratum corneum. 
Non-negatively Constrained Least Squares analysis 
(NCLS) is a powerful method described by Kwan et al 
[39] for the unmixing of spectral data. The strength of 
the approach is the estimation of the contribution of each 
feature in the signal collected from the samples based on 
a set of references spectra used to perform the fitting. 
Thus, using spectral signatures obtained from pure 
biomolecules as references, the concentrations (or 
abundance fractions) of the physiological skin 
constituents but also of the ACI can be estimated. 
Moreover, the originality of this method is to add to a 
classical least squares procedure, a positivity constraint 
on concentrations. In summary, the algorithm works on a 
pixel-to-pixel fashion with each one of them considered 
as the experimental Raman signature to be reconstituted 
from the reference spectra set. A simplified description 
of the NCLS outcome can be defined as: 
SS = (SR1.C1) + (SR2.C2) +…+ (SRi.Ci) + R       
Where SS is the simulated spectrum for a given pixel of 
the Raman map, SR are the reference spectra, C the 
abundance fraction estimated, i the number of reference 
spectra included in the model and R the residual. The 
algorithm aims to calculate a SS has close as possible to 
the experiential spectrum with minimal residual. More 
information about the mathematical aspects can be found 
in references [40]. ”         
In the present study, the method is applied to visualize 
the distribution of the specific compound through Raman 
spectral images collected from RHE thin sections. 
Ultimately, the approach enables collection of 
information about the Delipidol® distribution in both X 
and Y directions, consequently providing both its 
penetration profiles at different time points but also to 
better appreciate the homogeneity of the ACI diffusion 
(lateral diffusion) across the skin section. Although 
quantitative capabilities of Raman spectroscopy have 
been documented for ACI in cosmetic like products 
models [41], the analysis performed on tissue sections 
remains to date rather semi-quantitative. The connection 
between abundance fractions of a given signature in the 
spectra and actual concentrations remains challenging. 
For this reason, the NCLS is at present only proposed for 
evaluation of kinetics of diffusion of Delipidol® and as 
comparative tool to guide formulation optimization and 
strategies.         
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3. Results and discussion 
3.1 Reconstructed Human Epidermis (RHE) 
spectral histology 
 
The human skin is a complex stratified epithelium 
exhibiting a number of layers which are biochemically 
different. Most studies of ACI focus mainly on the 
epidermis which is the outer part of skin. While the basal 
layers of the epidermis are characterised by the presence 
of keratinocytes under intense proliferation, the stratum 
corneum is composed of corneocytes (flattened, anuclear 
cells). The latter results from numerous mechanisms of 
cellular maturation and differentiation playing a key role 
in the skin barrier function. The chemical composition, 
and therefore the spectral signature, significantly differs 
depending on the depth, thus directly reflecting the 
changes in cellular morphologies but also in the 
surrounding matrix (lipids synthesis and reorganization, 
Natural Moisture Factor accumulation) allowing 
identification of specific spectral features. Raman 
spectroscopy can also be affected by other experimental 
parameters such as the sample thickness/topography 
leading to substantial variations in intensity but also 
signal to background ratio [42]. Although thin sections 
have been prepared using cryo-microtomy, the samples 
rarely present an even surface throughout the different 
layers. Nevertheless, performing the data collection with 
a x50 objective yields consistent and reproducible 
measurements over the surface, as illustrated in 
(Figure.S1.A – See supplementary materials), in which 
raw spectra from the stratum corneum are presented. 
Consequently, applying standard pre-processing methods 
such as baseline correction (rubber band) and vector 
normalization is found to be sufficient to remove any 
undesirable spectral variations prior to data analysis 
(Figure.S1. B in supplementary materials), resulting in 
the spectra exhibiting a good signal to noise ratio with 
the presence of well-defined peaks across the spectral 
range 400-1800 cm
-1
. 
 
K-means clustering analysis is a multivariate method 
widely used to exploit complex data sets contained in 
hyper-spectral images. The use of such a statistical 
algorithm allows extraction of the relevant information 
from the data cubes, highlighting the possible spectral 
variations connected with biochemical changes in the 
skin. The method has been proven quite powerful to 
elucidate tissue histology, in particular for biomedical 
applications and the identification of pathological areas 
such as tumors [43, 44]. However, when applied to 
stratified epithelium such as the skin, the chemical 
modifications linked to the cellular differentiation 
mechanism generate heterogeneities in the spectra 
enabling the creation of clusters according to the 
different layers of the skin [11] (Figure 1).   
 
Figure 1A shows a bright field image of untreated 20 μm 
thick tissue section (control sample) as seen on the 
Raman system with a x50 objective. Without histological 
staining, the different layers of the skin are rarely visible, 
although close inspection allows identification of the 
skin surface (Stratum corneum) for orientation of the 
tissue section and selection of an area of interest for 
spectral analysis. Following K means clustering, 
attribution of false colors to the different clusters created 
(Figure 1B) highlights the stratified biochemical 
structure of the skin with layers corresponding to the 
basal layers (cluster 4- green), the stratum spinosium 
(cluster 1- majenta), the stratum granulosum (cluster 2- 
red) and the stratum corneum (cluster 3 - blue) clearly 
defined. The areas corresponding to the CaF2 substrate 
exhibits poor signal to noise ratio and are consequently 
identify as part of separate cluster (figure 1B cluster 5). 
Interestingly, in the model of reconstructed human skin 
used in the present study, although the layer 
corresponding to the dermis remains composed of 
collagen, the sparse organization in the fibers tends to 
deliver low intensity spectra also included in the cluster 
5. Ultimately, all the black pixels in the Kmeans analysis 
represent irrelevant data points for the subsequent steps 
of the analysis (i.e. NCLS).  However, following the 
normalization of the spectra corresponding to the 
substrate, the noise is exacerbated and scaled up to the 
intensity of the Raman features. For this reason, the 
spectra gathered in cluster 5 (black) have been removed 
from the images and replaced by 0 in order to avoid 
interferences. The mean spectra corresponding to the 
different layers of the epidermis as clustered by the 
Kmeans clustering are presented in figure S2 in 
supplementary materials.     
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Figure 1 Raman analysis of untreated RHE thin section A: Optical image obtained with x50; B: K-means cluster 
analysis (5 clusters) of a Raman map of untreated RHE thin section; C: Scatter plot from the PCA performed on 
spectra extracted from cluster 3 (Stratum corneum - blue) and cluster 4 (basal layer - green); and D: Loading 1 
corresponding to PC 1 of the PCA. 
 
Despite the relevant histological information, K means 
clustering remains strongly limited to reflect biochemical 
variations in tissue sections, for instance in the human 
skin models, where differences are likely to be more 
concentration gradient like variations. The biochemical 
variations between the spectra corresponding to the 
different layers of the skin can be enhanced by means of 
PCA (Figure 1C). The scatter plot displays clear 
discrimination between the spectra extracted from cluster 
3 (Stratum corneum) and cluster 4 (basal layer) of the K 
means clustering. The spectral signatures collected from 
skin section are highly complex and results from 
numerous combined contributions for the biochemical 
compounds shined under the laser, however the loading 
1, shown in Figure 1D highlights the main spectral 
features involved in the data separation and thus reflects 
the modifications at the molecular level occurring during 
the cellular differentiation process. The major components 
of the Stratum corneum are the corneocytes, which are 
anuclear cells filled with keratin filaments and natural 
moisturizing factors (NMFs); corneodesmosomes (tight 
junctions between corneocytes); and an intercellular lipid 
bilayer matrix [45]. Their contributions can be observed at  
 
 
 
 
 
 
 
1065 cm
-1
 and 1134 cm
-1
 representing the C-C stretching, 
1296 cm
-1
 due to the CH2 twisting and 1440 cm
-1
 due to 
CH2 scissoring. The position of the amide I band at 1655 
cm
−1
 reflects the increase in keratin in the human SC 
which adopts predominantly an α-helical conformation 
[46]. 
Cysteine, which is the major amino acid of keratin fibers 
[47] is characterized by Raman bands located at 673 cm
-1
 
[48] supporting the presence of high amount of keratin in 
the SC. In contrast the basal layer is characterized by the 
proliferative activity of the keratinocytes constantly 
dividing. This is confirm by the apparition of features at 
725 cm
-1
, 1322 cm
-1
 and 1340 cm
-1
, indicating the 
presence of both DNA and RNA, but also at 785 cm
-1
 
which is more specific to DNA [48, 49]. Due to the 
maturation process taking place in the epidermis, it is not 
surprising to witness other spectral variations in the 
spectra collected from Stratum corneum and the basal 
layer. Most of these bands could be globally assigned to 
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changes in amino acids contents. For example, the 
features at 1005 cm
-1
 and 1035 cm
-1
 are commonly 
assigned to phenylalanine [48, 50] while tyrosine is 
rather identified with the doublet of Fermi between 830 
cm
-1
 - 850 cm
-1
. Another feature at 1559 cm
-1
 is assigned 
to tryptophan. All the wavenumbers highlighted by the 
PCA analysis reflect the important molecular dynamics 
taking place in the skin having a direct impact on the 
Raman signatures collected.  
It also is interesting to perform a PCA analysis of the 
spectra extracted from cluster 3 (stratum corneum) 
obtained from Figure 1B, in order to highlight highly 
scattered spectra across the scatter plot along both PC1 
and PC2 (Figure 2A), respectively accounting for 52% 
and 7% of the variance. The corresponding loadings have 
been plotted in Figure 2B_i and 2B_ii. As a comparison, 
spectra from albumin (Figure. 2B_iii), ceramide (Figure 
2B_iv), and cholesterol (Figure 2B_v), which represent 
some of major features found in spectra collected from 
the Stratum corneum, have been also included. For 
example, the spectral features at 1677 cm
-1
, 1340 cm
-1
, 
1005 cm
-1
, 937 cm
-1
, 850 cm
-1
 and 830 cm
-1
 correlate 
well with those found in proteins and the spectral 
features at 1440 cm
-1
, 1296 cm
-1
 and 1065 cm
-1
 correlate 
with those found in lipids. Interpretation of the PCA 
suggests that using the K-means clustering analysis leads 
to a loss of information due to the rigid nature of the 
algorithm aiming to create well defined groups of 
spectra. It can be noticed that, inside the cluster, a degree 
of inter-variability can be expected directly linked to the 
quantitative information contained in the Raman spectra. 
Therefore, the spectral variation resulting from different 
amount of proteins or lipids between the data points 
assigned in a single cluster are not accessible. Naturally, 
the higher the number of clusters is, the lower would be 
the variability in each group formed, but it would not 
solve the problem of interpretation of the distribution of 
specific molecules according to their concentration 
and/or distribution. Further discussion and illustration of 
the limitation encountered with Kmeans clustering are 
provided in supplementary materials with figure S3.   
The NCLS algorithm has been used in order to highlight 
the feasibility to overcome the limitation of grouping 
methods such as K means clustering. Although NCLS 
can be used to calculate residual spectra after subtraction 
of specific single Raman signatures from data sets, such 
as paraffin, [51] or contribution from substrate such as 
glass slides [34], it can also provide information about 
the abundance of multiple pure compounds. Basically, 
the method can use numerous reference spectra and 
combine them using adjusted coefficients in order to get 
an output spectrum as close as possible to the 
experimental spectrum. When applied to a Raman map, 
for each pixel, it is possible to calculate coefficients for 
each chemical component. Thus, it can produce a 
graphical representation of their distribution in a 
reconstructed false color map without losing the semi-
quantitative information contained in the data sets. The 
same Raman map previously analysed using Kmeans 
clustering in Figure 1A has been subjected to NCLS 
using contributions of lipids, proteins and nucleic acids, 
as presented in Figure 3. The algorithm being based on 
the reference spectra input in the model, the contribution 
of each biomolecule in each Raman spectrum of the map, 
the task can be fastidious and covering all possibilities 
was not the aim of the study. 
 
 
 
 
Figure 2 PCA performed on spectra corresponding to the 
Stratum corneum (Kmeans clustering - cluster 3) A: Scatter 
plot and B: Loading 1 (i) and loading 2 (ii) compared to pure 
spectrum of albumin (iii), ceramide (iv) and cholesterol (v). 
 
As an example of such an analysis, a spectrum of 
ceramide has been selected to illustrate the contribution 
observed with lipid mostly found in the stratum corneum 
(Figure 3A). For comparison, a spectrum of histone 
representing the protein matrix (Figure 3B) and a 
spectrum from DNA representing the nucleic acids 
(Figure 3C) have also been included. The only 
commercially available keratin solutions are prepared 
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with urea; therefore, it is not possible to collect specific 
reference spectra from this protein. Therefore, histone 
has been preferred as an example of physiological 
compound found in the skin cells. For instance, the lipid 
matrix is well known as playing a key role in skin barrier 
function and has therefore been largely studied by means 
of Raman spectroscopy [52, 53]. Ceramides are 
synthetized in the latter stages of the skin maturation and 
consequently their contribution to the Raman spectra is 
located in the outer layers. The colour bars of the heat 
maps reconstructed from the NCLS indicate the relative 
contribution of the compound of interest in the RHE 
sections. The maximum of the colors has been arbitrarily 
fixed at 0.6 for consistency between the 3 examples 
presented in Figure 3. In the case of ceramide, between 
0.1 (10%) and 0.2 (20%) was found in the Stratum 
corneum with no contribution observed in deepest layers 
such as the basal layer. In comparison, the proteins 
display higher levels of spectral contributions throughout 
the Raman map, having maximum at 0.6 (60%) observed 
in the basal layer while slightly decreasing to roughly 0.4 
(40%) in the upper layers. Indeed, the protein matrix 
remains the main constituent of the skin even in the 
Stratum corneum, in which lipids have important 
functions in the barrier function. Interpretation of the 
protein heat map is more difficult compared to that of 
ceramide due to the presence of higher contents at the 
edge of the Stratum corneum and Stratum granulosum. 
This can be explained by the lack of keratin spectra as 
reference to compensate the spectral variations occurring 
in the most superficial layers and consequently a lack of 
specificity in the fitting. However, histones are present in 
the nucleolus of skin cells and it is therefore not 
surprising to observe the highest concentrations in the 
basal layer. Finally, the nucleic acids are mostly found in 
the basal layer, in which the keratinocytes have strong 
proliferative activities. Moreover, the DNA spectrum has 
been used in the model, further influencing the detection 
of cells with nuclear organelles which correlates with the 
rapid loss of nucleus in the differentiation process found 
in the skin. Ultimately, the NCLS allows to construct 
distribution maps of selected chemicals based on the 
specific information contained in the Raman spectra. The 
observations made of physiological biomolecules is 
encouraging, considering the small numbers of reference 
molecules input in the models. Indeed, the sensitivity of 
the analysis could be further increased using larger 
spectral banks to better fit the Raman signals, yet the 
results obtained from ceramide and DNA perfectly 
illustrate the potential and capabilities of the approach to 
detect and track some given substances in a complex 
biological matrix such as the skin.              
 
 
  
Figure 3 Reconstructed heat maps following NCLS analysis of control skin sections. A: Ceramide, B: Histone and C: DNA. Scale 
bar represent contribution of compound in the Raman spectra at each pixel. Maximum arbitrarily defined at 0.6 (60%) for 
consistency between 3 examples displayed. 
 
3.2 Detection and tracking of an ACI in skin 
sections: The case of Delipidol®  
 
The chemical structure of the Delipidol® used in this 
study is displayed in Figure 4A, with the corresponding 
vibrational modes assignments listed in table S1. The 
most intense features, observed at 1625 cm
-1 
(C=C 
stretching of the aromatic ring) and 1248 cm
-1 
(C-C-C 
stretching), clearly dominate the spectral signature 
(Figure 4C), leading to substantial modification in the 
spectra collected from the skin sections, as illustrated by 
the point spectrum from a sample exposed for 3 hours 
(Figure 4A and B). Other features at 1655 cm
-1
, 1438 cm
-
1
, 1389 cm
-1
, 1302 cm
-1
,1251cm
-1
, 1206 cm
-1
, 1160 cm
-1
, 
1073 cm
-1
, 989 cm
-1
, 968cm
-1
, 863 cm
-1
, 841 cm
-1
, 824 
cm
-1
, and 642 cm
-1
 are hardly distinguishable in the plot 
by eye, due to lower intensities and the presence of 
numerous bands in the biological spectrum but they still 
contribute to the spectra recorded.  
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Figure 4 A: Chemical structure of the Delipidol®, B: 
Comparison between a typical Raman spectrum of the skin (i), 
a Raman spectrum of the skin following application of 
Delipidol® (ii) and the reference spectrum of Delipidol® (iii). 
Spectra are offset for clarity. 
 
 
 
 
Working with an ACI implies that the molecular target is 
known prior to the start of the experiment and collection 
of reference spectra can be achieved for use in the NCLS 
analysis. However, the problem of false positives can 
arise during the analysis, if the reference spectra are not 
suitable as illustrated in Figure 5, in which an unexposed 
skin tissue section has been analysed. As seen in Figure 
5A using only the Delipidol® spectrum leads to non-
specific detection of the molecule throughout the spectral 
map collected from the control sample. Therefore, the 
presence of other reference spectra to counter balance the 
algorithm is necessary to ensure none of the ACI would 
be found in the control samples. An alternative that can 
be considered is the creation of Raman spectral banks for 
pre-defined reference compounds of interest representing 
the main skin constituents [54]. Figure 5B has been 
obtained using spectra from Delipidol®, ceramides, 
cholesterol, phosphatidylcholine, steric acid, histone, 
albumin and DNA. Although the outcome is improved 
compared to first attempt, some residual contribution of 
Delipidol® can still be observed in some areas of the 
skin section. Notably, in the area of the basal layer, some 
pixels exhibit up to about 0.05 (5%) Delipidol® 
contribution. The main difficulties encountered were, 
firstly the expense of the pure chemicals, considering 
just a few Raman spectra are required, and secondly 
acquisition of appropriate spectra as input to the model. 
Many of the reference materials can be purchased in 
different forms (powder, liquid), not necessarily 
delivering comparable signatures in terms of background 
and band ratios. Consequently, it is difficult to create a 
set of spectra matching perfectly with the data sets 
recorded from skin sections. In order to improve the 
specificity of the analysis, a third option has been 
explored, consisting of using all the spectra contained in 
a different control image (collected from a different skin 
section) as reference matrix for the NCLS analysis. For 
instance, the example illustrated in Figure 5C is obtained 
using a second Raman control map containing about 
3000 spectra. It can be seen that no contribution of 
Delipidol® can be observed and that no false positive is 
obtained. Using large numbers of control spectra from 
independent Raman maps enables to take into account all 
variations in protein, lipids and nucleic acids in the 
different layers of the skin to produce an accurate fitting. 
Thus, this approach has been found more relevant for 
subsequent analysis.   
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Figure 5 Reconstructed heat maps following NCLS analysis of control skin sections. A: Delipidol®, B: Delipidol®, ceramides, 
cholesterol, phosphatidylcholine, steric acid, histone, albumin and DNA, and C: Independent control spectra (about 3000). Scale bar 
represent the contribution of Delipidol® in the Raman spectra at each pixel. Maximum arbitrarily defined at 0.16 (16%) for 
consistency between 3 examples displayed. 
Using the previous optimisation performed on a control 
skin section, Delipidol® distribution can be monitored 
after different incubation times (1h, 2h and 3h) in order 
to evaluate the penetration of the ACI. The results 
presented in Figure 6 highlight that, following 1h 
exposure time, the presence of Delipidol® is restricted to 
the Stratum corneum, indicating limited diffusion 
(Figure 6A). However, heat maps corresponding to 2h 
and 3h (respectively Figure 6B and 6C) illustrate 
increased penetration for longer exposure times, with 
initially higher contribution of the Delipidol® features in 
the Stratum corneum, followed by a diffusion into the 
deepest layers after 3h. As comparison, chemical maps 
of the Delipidol® distribution using its most intense 
feature at 1625 cm
-1
 are presented in figure 6 E-F-G for 
respectively 1H, 2H and 3H exposure times. Although 
the accumulation of the ACI in the stratum corneum can 
be also observed with single wavenumber reconstructed 
images, the information is not directly interpretable. The 
color bars provided only indicates relative intensities of 
the spectral band selected as seen in preprocessed spectra 
with contribution from underlying bands not considered. 
The maps corresponding to 1H exposure time perfectly 
illustrates the limitation of univariate approach. While 
the NCLS doesn’t exhibit any contribution in the basal 
layer, the single band map would suggest the Delipidol® 
is found everywhere even for short exposure times. This 
is due to the partial overlap with the amide I band 
resulting in residual intensities in the maps. However, the 
NCLS is taking the contribution of other physiological 
compounds into account, simulated by means of 
references spectra, ultimately providing a better 
representation of the Delipidol® distribution. For better 
visualization of the relative concentration of the 
Delipidol® in the RHE, depth profiles can be established 
using the contribution coefficients calculated with the 
NCLS (Figure 7). The concentration profile is 
approximately single exponential for all three time 
points, with a consistent decay constant, which is 
independent of the sublayer structure. Working on 
reconstructed skin provides high intra- and inter- sample 
reproducibility by minimizing the variations in Stratum 
corneum thickness between anatomical sites and from 
person to person generally observed with ex vivo 
measurements. Thus, based on observations made using 
K-means clustering analysis, the delimitation between 
the Stratum corneum and the epidermis has been placed 
at about 40 µm. It can be seen that, for short exposure 
time (1h), the surface level of about 0.16 (16%) decays 
exponentially with depth, with the result that most of the 
ACI is located in the first 10 µm of the skin. For 2h 
exposure, the relative contribution at the surface has 
increased to 0.35 (35%), and a similar exponential decay 
with depth is observed. The levels of Delipidol® rapidly 
decrease and at about 30 µm depth no more contribution 
is found, supporting the notion that the Stratum corneum 
is not fully permeated. After 3h hours exposure time, 
although the surface levels continue to increase to ~0.6 
(60%), and they decay with a similar profile, an 
approximately constant level of 0.11-0.2 (11%-20%) is 
observed between 30 µm and 100 µm. In terms of 
kinetics, it seems the concentration of Delipidol® 
gradually builds up in the Stratum corneum, to a point 
where no more can be accumulated, leading to leakage of 
the ACI in the subjacent skin layers. The exponential 
decay of the  
Delipidol® profile across the stratum corneum is a result 
of the barrier function of the lipid rich layer to the ACI, 
which is explained by the presence of long alkyl chain 
conferring hydrophobicity to the molecule (Figure 5A). 
This retards the diffusion of the ACI into the epidermis 
over the first two hours of exposure. However, after 3-
hour exposure, significant concentrations have diffused 
to the interface with the epidermal layer, at which point a 
relatively free diffusion results in accumulation of 
significant levels across the epidermis, which it the target 
region of interest (See 30 µm to 90 µm – Figure.7). 
Using Confocal Raman Spectroscopic Imaging, the 
kinetics of Delipidol® diffusion can be studied in order 
to better understand the molecule behavior in the skin 
layers. Ultimately, it highlights the difficulties of product 
design, by which an ACI or API should exhibit a good 
balance between hydrophobicity to breach the Stratum 
corneum and also hydrophilicity in order to be able to 
diffuse at sufficient concentrations in the deepest layers 
of the skin to have a substantial effect on the cellular 
targets. Spectral Raman imaging is therefore an ideal 
tool to screen and monitor newly identified candidates 
for cosmetic and pharmaceutical applications towards 
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dermal administration, but also to guide and support the 
recent  
advancements in formation [1]. As proof of concept, the 
Delipidol® has been topically applied as an ethanol 
solution thus conferring an increased penetration due to 
enhancing effect of the solvent. However, the molecular 
specificity of the analysis would enable to perform 
comparative studies between different formulations such 
as gels or creams, with similar sensitivities. Notably, 
nowadays different encapsulating protocols are being 
optimized with the aim of enhancing ACI and API 
penetration through the Stratum corneum in order to 
increase the concentrations in the epidermis [55]. 
Developing efficient and specific multivariate methods 
will support the transfer of Confocal Raman 
Spectroscopic Imaging as reference technique in 
industrial routines. Moreover, the NCLS method 
described is adaptable to any data spectral data sets 
where only the references spectra need to be carefully 
selected to ensure maximum sensitivity. However, as 
much experimentations conducted in the cosmetic fields 
involve one or more control samples, the creation of 
suitable spectra bank for the NCLS is early not an 
obstacle.                          
  
 
 
 
Figure 6 Reconstructed NCLS maps following NCLS analysis of skin samples exposed to Delipidol®. A: 1h, B: 2h and C: 3h; the 
scale bar represent the contribution of Delipidol® spectrum in the Raman spectra at each pixel compared with reconstructed maps 
obtained following univariate analysis of Delipidol® feature at 1625 cm-1 ( D: 1h, E: 2h, F: 3h); the scale bar represent its relative 
intensity in preprocessed spectra.
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Figure 7 Penetration profiles of the Delipidol® obtained from the NCLS analysis following 1h (blue), 2h (green) and 3h (red) 
exposure times. The error bars are standard deviation calculated from the different lines of the Raman maps.    
 
 
 
 
 
4. Conclusion 
The specificity of the molecular information contained in 
the Raman spectra opens numerous perspectives for 
applications beyond fundamental research. For instance, 
Confocal Raman Spectroscopic Imaging is a powerful 
tool to support the constantly expanding field of skin 
administration of active ingredients. Given the extremely 
rapid turnover of relevant active molecules and 
formulation protocol for new cosmetic and 
pharmaceutical products, the technical repertoire 
available needs to deliver appropriate results for easy and 
reliable interpretations by users and customers. While K-
means clustering analysis remains a valuable approach 
for analysis of Raman images collected from tissue 
sections providing histological information, more 
suitable methods need to be explored and validated to 
better answer to industrial requirements. Spectral 
unmixing methods such as NCLS enable to estimate the 
concentrations (by mean or abundance fractions) of 
known spectral signatures. Applied to the case of 
Delipidol®, chemical maps representing the ACI 
distribution throughout the skin section can be 
constructed. While the colour coded heat map represents 
the overall distribution reflecting the homogeneity of 
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diffusion of Delipidol® in the different skin layers, 
extraction of the abundance coefficient allows further 
exploitation of the quantitative information contained in 
the Raman spectra. Ultimately, analysis of the specific 
spectral features can elucidate the kinetics of ACI 
penetration in the skin using penetration profiles. The 
strive towards in vitro skin models for testing new 
ingredients or formulations, but also capabilities of 
Confocal Raman Imaging to detect and track molecules 
in a label free fashion without requiring substitution by 
fluorescent markers, clearly position the technique as 
highly relevant as a routine screening tool. Ultimately, 
optimization of data mining procedures towards 
automated protocols delivering accurate testing of ACI 
efficiency of penetration would further support the 
recognition of Confocal Raman spectroscopic Imaging 
for implementation in industrial environment.  
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